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Abstract 
The implementation of carbon fiber reinforced plastics (CFRPs) in the aeronautical industry has increased dramatically in recent years due to 
their favourable combination of low weight and high strength as well as the adaptability of their material properties. In order to economically 
and reproducibly machine these materials with high part qualities, improvements in machining strategies must be made.  
The focus of this paper lies on innovative technologies for the machining of CFRPs whereby CVD diamond coated tools and milling tools for 
the improvement of milling processes have been designed. Furthermore, water jet cutting, CO2 jet cutting and grinding of CFRPs has been 
investigated. The quality of the machined workpieces is also an issue which requires addressing, particularly in relation to the fraying of 
machined edges. An innovative quantitative method for the evaluation of the workpiece quality of CFRP is presented.  
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1. Introduction 
Carbon fibre reinforced plastics (CFRPs) are increasingly 
used as primary structural materials in the aerospace industry. 
Superior properties of CFRPs include low density, high 
strength, high stiffness, good toughness, good fatigue, creep, 
wear and corrosion resistance, low friction coefficient and 
good dimensional stability [1]. During the manufacture of 
components from CFRPs, it is usually necessary to carry out 
machining after curing in order to meet the required tolerances 
and to manufacture fitting and joining surfaces [2]. The 
economical and reproducible machining of CFRPs currently 
presents a challenge to the tooling and machining industry 
however as the quality of the machined workpieces is often 
not reproducible and delamination of the machined edges 
frequently occurs. This characteristic production defect is 
particularly prevalent in the top layers of the laminate as these 
are only supported on one side. The fibres are cut by the tool 
in an undefined manner, deflect under the action of the cutting 
edge and consequently delamination occurs in the form of 
fibre overhang and fibre breakout at the machined edges. Such 
damages must be avoided as it requires time-consuming and 
costly post-machining to rectify and in some cases leads to 
rejection of components [2].  
The most common processes for machining CFRPs are 
milling, drilling and waterjet cutting. In milling and drilling 
processes, the tool sharpness, tool wear and cutting parameters 
have been identified as decisive factors for the cutting process. 
For example it was found that an increased feed per tooth 
increases the occurrence of delamination [3,4,5]. The most 
common type of tool wear in the machining of CFRPs is 
increasing cutting edge radius, which leads to an increase in 
the machining forces and defined cutting of the fibres 
becomes more difficult [4,6]. CVD diamond coated cemented 
carbide tools have demonstrated their potential in the 
machining of highly abrasive materials in a large variety of 
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applications and are also increasingly used for the machining 
of CFRPs [7,8,9]. However, issues remain in relation to 
finding an optimum between a minimized cutting edge 
rounding and sufficient coating adhesion. An alternative to 
coated cemented carbide tools are ceramic shaft-type tools as 
they possess high abrasive wear resistance and adequate 
fracture toughness [10]. In the first part of this paper, CVD 
diamond coated cemented carbide and ceramic shaft-type 
tools in the machining of CFRPs are studied. An analysis of 
tool wear and an innovative quantification procedure for 
workpiece quality is presented. Furthermore, high speed 
cutting (HSC) of CFRPs is also studied.  
The use of water jet cutting has the advantages of a 
continuous removal of chips, high flexibility and the 
availability of an increasingly sharp tool with low thermal and 
mechanical stresses on the workpiece. Disadvantages of water 
jet cutting are the elaborate microfiltration before and the 
treatment and disposal of water after machining. Furthermore 
the workpieces must be frequently cleaned or dried after 
machining [11, 12]. Blasting with solid carbon dioxide (CO2) 
has increasingly established itself as a method for cleaning, 
de-coating and pre-treatment in recent years [13]. CO2 blasting 
is a dry and residue-free process due to the complete 
sublimation of the blasting media during machining. However, 
due to the low hardness of CO2 particles and the low 
performance of current blasting systems compared to other 
blasting abrasives, the use for cutting of workpieces is limited 
[14]. The combination of the individual advantages of the two 
technologies leads to jet cutting with high-pressure CO2 for 
dry and residue-free machining of materials. A pilot plant for 
the continuous jet cutting with liquid CO2 was developed at 
the PTZ [15]. With this pilot plant, cutting tests of CFRP 
plates with high-pressure CO2 jets was carried out.  
For some applications, particularly in the automotive 
industry, a finishing process after milling or drilling is 
necessary. From literature different investigations for finishing 
of CFRP are known. In these diverse grinding operations such 
as edge routing [16] and drill grinding [17] with superabrasive 
grinding points or dry face-grinding with aluminum oxide 
grinding wheels [18,19] were used in order to increase the 
surface quality. The application of flexible superabrasive belts 
in combination with large industrial robots as the kinematic 
guiding system offers a new innovative process strategy for 
finish machining of CFRPs. At the PTZ an adaptive robot-
guided belt grinding process was developed for machining 
turbine components made from high performance materials 
with high demands on shape and position accuracy [20,21]. 
The multiflexible robot cell at the PTZ consists amongst 
others of an industrial six-axis robot Comau Smart NJ 370-2.7 
with a maximum operating range of 2.7 m, that acts as the 
workpiece guiding system and a stationary force controlled 
belt grinding head allowing a passive force control via a 
pneumatic cylinder and a slide way system allowing cutting 
speeds vc up to 40 m/s and normal forces Fn up to 180 N. 
2. Milling 
The key issue for the successful implementation of CVD 
diamond coated tools is the coating adhesion, which is 
affected by abrasive wear during cutting of abrasive fibres and 
by built-up edge due to the adhesion of soft matrix material 
[8]. In particular the machining of CFRP materials with a 
fiber volume ratio of 50 to 60 percent and a thickness of 
greater than 5 mm often leads to coating delamination and 
poor workpiece qualities and as such the economically viable 
machining of these materials is an issue which must be solved 
by innovative process strategies. In the course of intensive 
research activities, a significant increase of tool life and 
process reliability of CVD diamond coated tools in the 
machining of these materials could be achieved. Innovative 
tool technologies were developed in cooperation with tool 
manufacturers and coating specialists and two tool geometries 
were successfully developed for CFRP machining. Tool 1 is a 
four-edged, non-twisted, pyramidal grooved tool, whereas 
Tool 2 exhibits eight edges, a twist angle of 15 degrees and a 
conventional traverse groove. Furthermore, the entire cutting 
process was optimized in order to achieve maximum 
productivity whilst maintaining high workpiece qualities. 
Through the implementation of these innovative tools, a 
process window for the slot milling of CFRP could be defined 
whereby high cutting speeds (vc = 400 m/min to 600 m/min) 
can be implemented whilst limiting tool wear and achieving 
high workpiece qualities.  
In order to increase the economic viability of CFRP 
machining, HSC processes are being increasingly brought into 
focus. However, current tool technologies limit the attainable 
cutting velocities whilst retaining acceptable tool wear levels 
and high workpiece qualities. At the PTZ, solid carbide end 
mills with differing numbers of teeth, helix angles and 
structures on the clearance face were developed and 
implemented in HSC milling tests with a cutting speed of 
vc = 1800 m/min. An end mill with eight teeth and a 
segmented main cutting edge showed the longest tool life 
travel paths, comparatively low noise and heat generation and 
low cutting forces. During down-cut milling epoxy resin 
adhered to the clearance and rake faces and the flutes of all 
tools. During up-cut milling the resin adhesion did not take 
place.  
SiC Interlayers 
The pre-treatment process for the CVD diamond coating of 
cemented carbide tools is costly and time-consuming [22]. In 
order to avoid this chemical pre-treatment process, work has 
been undertaken in collaboration with the Fraunhofer IST, 
Braunschweig, on the development of an SiC interlayer which 
is deposited on the tungsten carbide substrate and thus inhibits 
cobalt leaching and subsequent diamond graphitization. For 
these investigations, cemented carbides with a cobalt content 
of 6 % were used. Investigations showed that if a process 
temperature of 750 °C during the second coating process, i.e. 
the diamond deposition, is exceeded a phase transformation in 
the SiC layer takes place. The cobalt in the surface area of the 
cemented carbide reacts with the silicon from the SiC layer to 
form cobalt silicides. This leads to a significant reduction of 
the adhesion between the SiC layer and the carbide. Thus the 
use of SiC as an interlayer between the cemented carbide and 
the diamond layer leads to the challenge of depositing the 
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diamond layer at lower temperatures than currently 
industrially implemented. The work thus concentrated on the 
diamond deposition at temperatures below 750 °C and it could 
be shown that diamond can be deposited at such temperatures 
and a phase transformation of the SiC layer could thus be 
avoided. Results of model wear and milling tests showed that 
the coating adhesion of the SiC layer on the substrate is 
excellent, if coating delmination occurs it is in the form of a 
cohesive delamination. The sand blasting pre-treatment 
process leads to a significant increase of the edge rounding 
which has a negative impact on the tool performance and 
workpiece quality, see Figure 2. As such, further research 
work will focus on a defined and minimized cutting edge 
rounding during sand blasting.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Milled workpiece edges with SiC-diamond coated cemented carbide 
tools with a) cutting edge radius of rȕ = 45 μm; b) cutting edge radius 
of rȕ = 28 μm. 
 
Ceramic shaft-type tools 
An alternative to CVD diamond coated tools are solid ceramic 
shaft-type tools, manufactured from silicon infiltrated silicon 
carbide. This innovative material for shaft-type tools has been 
developed specifically for the machining of CFRPs and is 
characterized by high abrasive wear resistance and adequate 
fracture toughness. The research work at the PTZ focused on 
different aspects of the tool development; besides the 
development of a CFRP-suitable tool geometry design, the 
tool grinding process and its influence on the machining 
performance was also analyzed.  
Successful development of cutting tools demands an 
application-related tool concept, which takes the specific 
material properties of the machined material as well as the 
cutting tool material into account. For CFRPs this is a great 
challenge as their properties can vary widely. Different fiber 
types, diameters, lengths, orientations as well as diverse 
specifications of the matrix material affect the mechanical and 
thermal behavior of the material. The properties of the 
ceramic cutting material must also be taken into account and 
in some cases leads to an area of conflict. This can be 
illustrated in the derivation of requirements for the tool 
geometry.  
To avoid delaminating and fraying of the CFRP during 
machining, the cutting edge geometry should be sharp, which 
implies a small cutting edge radius [23,24]. Other research 
works showed that rake angles of approx. γ0 = 5° and 
clearance angles between α0 = 10-15° should be realized. 
Also a secondary clearance angle αs should be implemented 
in order to minimize friction between the tool and the elastic 
CFRP material [5]. Since ceramic materials have a limited 
fracture toughness such delicate cutting edge geometries 
should be avoided in order to prevent cutting edge breakouts 
during the process. Based on this knowledge an initial 
geometry was generated, a tool prototype manufactured and 
brought into operation in order to improve the tool geometry 
in several iterative steps. A prototype of the ceramic end mill 
and a scanning electron microscopy (SEM) image of the 
ground cutting edge can be seen in Figure 3. First 
experimental tests showed the high potential of these 
innovative ceramic tools.  
Another important role in the development process of cutting 
tools is the consideration of the entire process chain of tool 
manufacturing. The knowledge of influences from each 
process step on the machining performance is of particular 
importance. Concerning shaft-type tools and their complex 
tool geometries, tool grinding processes have a significant 
influence on the cutting tool performance. The use of 
optimized grinding operations and parameters can lead to 
improvements in macroscopic dimensional and shape 
accuracy of the tool as well as enhanced microscopic 
properties of the cutting edge. Amongst other results from 
fundamental research executed at the PTZ it could be shown 
that the rotational direction of the grinding wheel during flank 
face grinding of end mills has a great impact on the cutting 
edge quality [10,25]. 
Fig. 3. Ceramic cutting tool geometry 
 
 
 
 
 
 
 
Cutting process: 
Milling, trim cut
Tool:
d = 8 mm 
z = 10
Coating:
SiC-diamond
dSiC = 1 μm
ddia = 8 μm
b)a)
Process parameters:
vc = 400 m/min
fz = 0.006 mm
ae = 3 mm
ap = 5 mm
8 mm 5 mm
200 μm
Tool geometry:
Diameter d =  8 mm
Number of  teeth z =  4
Helix angle λ = 20 
Depth of  f lute tN =    0,8 mm
Rake angle γ0 = 5
1. Clearance angle α0 = 10 
2. Clearance angle α1 =  25 
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Qualification of CFRP cutting edges 
 
For the qualification of CFRP milling processes, the 
produced component quality and the unintended damage to 
components are particularly crucial. Unlike the assessment of 
workpiece and edge quality on isotropic materials such as 
alloyed steel or aluminium, no uniform standard for fibre 
composites currently exists. As part of benchmark studies first 
approaches for the indexing of workpiece damages based on 
reference workpieces. Using these reference workpieces the 
suitability of tools was examined by means of analyzing the 
workpiece quality. Researchers at the PTZ have developed an 
innovative approach which expands and substantiates the 
evaluation criteria to quantitatively determine the workpiece 
edge of CFRP workpieces using scientific assessment criteria, 
see Figure 4 This methodology for assessment allows a 
quantitative characterization of CFRP machined edges and 
thus a comparison between CFRP workpieces.  
A generalized quality index ranging from one (very good) 
to five (poor) was introduced. Essentially, the quality of the 
component is described by parameters such as the surface 
roughness Sa, fiber projections and porosities, and the 
evaluation of delaminations and fiber skipping. For the 
acquisition of the measurement data, the high precision 
optical technology of phase-measuring fringe projection as 
well as optical microscopy are used. The assessment 
methodology is demonstrated for an example CFRP 
component edge following machining with a CVD diamond 
coated tool in Figure 4. The assessment strategy was 
conducted in four consecutive steps and the following 
assessment factors were measured: 
Step 1: Surface roughness (quality criterion 1) 
In this step the surface roughness at five different 
measurement points on the machined edge was determined 
using fringe light projection. 
Step 2: Fiber projections (quality criterion 2) 
Using optical microscopy, the fiber projections on the 
upper and lower machined edges were determined within 3 
defined areas on each side. 
Step 3: Delamination (quality criterion 3) 
By using the same measuring technique as in Step 2, 
delaminated areas and delamination in the form of the 
maximum height of cracks were documented at three 
positions along the entire workpiece height. 
Step 4: Machined edge quality (quality criterion 4) 
In the final step, a qualitative assessment of the milled 
surfaces took place by means of the criteria shining, porous, 
adhesions and fiber projection. A final weighting of the 
measured variables and a creation of an overall quality index 
was then undertaken. As a result of this investigation a clear 
dependence of the machining strategy (up-cut / down-cut) 
concerning the nature of the machined edge as well as the 
workpiece top layer could be determined.  
 
The assessment of the machined edge created by using down-
cut milling resulted in a quality index of 2.7, up-cut milling 
resulted in a quality index of 2.1. For the calculation of the 
evaluation indices a parametric normalization was undertaken 
under consideration of the measured maximum values.  
 
Fig. 4. Quality index for CFRP machined edges 
3. Water and CO2 jet cutting 
The abrasive water jet technique has been already 
developed in practice as the standard for many trimming 
applications in the aerospace and automotive industry When 
working with an abrasive water jet, abrasives (silicate 
granules) are mixed with water and accelerated under very 
high pressure. This abrasive water jet impacts the composite 
material and shears off the fibres, without negatively affecting 
the workpiece due to heat or dust. Water jet systems often 
have a 5-axis head for flexible manufacturing and abrasive jet 
speeds of up to 750 m/s can be achieved. When cutting as 
well as in the preparation of holes in CFRP components by 
water jet cutting, the cutting edge quality is crucial and as 
such the available feed rate and available pressure are 
essential. Investigations at the PTZ showed that up to 50 % 
higher feed rates could be achieved by increasing the 
implemented pressure from 380 MPa to 550 Pa whilst 
down-cut milling
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maintaining the same workpiece quality. This significant gain 
in productivity due to a high-pressure system must of course 
be weighed up against additional expenditure of maintenance 
and repair as well as to investment costs. Another advantage 
of jet cutting in the machining of CFRP is the avoidance of 
contamination or damage to components caused by dust or 
debris. With a rotating drilling tool, an additional exhaust 
ventilation system is required for the removal of dust and 
debris from the workpiece surface. With waterjet cutting, the 
workpiece is wetted during the process and dust and debris 
are passed through the hole in the water or abrasive gathering 
system, where residues and abrasive be rejected and disposed 
of and the water recycled. The workpieces must however 
often be cleaned and dried after processing. An alternative to 
water-jet cutting is CO2 jet cutting, whereby liquid CO2 is 
used as the cutting jet.  
By using common water-jet technology with all the 
necessary sub-components an experimental CO2 high-pressure 
cutting system was developed and realized at the PTZ. With 
this system the basic procedure for the machining with a high-
pressure CO2 jet is as follows: Liquid CO2 is supplied from a 
riser pipe bottle via high pressure hoses to the suction side of 
a high-pressure pump. Within the pump liquid carbon dioxide 
is gradually compressed up to 3,000 bar and pumped over a 
pulsation damper to the closed cutting head in the blast rig. 
The cutting head is pneumatically actuated and opened, 
allowing the high-pressure fluid to exit the nozzle. The cutting 
head attached to the positioning unit is moved according to 
the chosen direction and at the selected speed. The high-
pressure CO2 jet machines the workpiece fixed on a 
worktable. The separated material falls through a grating and 
can be collected afterwards. For high-pressure CO2 jet cutting 
no state of the art parameters are available and as such the 
implemented process parameters were in line with those of 
high-pressure water jet cutting. The following parameters 
were used for cutting of CFRP with high-pressure CO2 jets: 
jet pressure ps, jet nozzle diameter DNozzle, jet distance a, jet 
feed speed vf and jet angle ȕ. The jet angle was set to 90 ° for 
all tests. A lower jet angle lead to lower cutting performance, 
therefore the effect of the jet angle was not investigated [26]. 
Cutting tests in carbon fibre reinforced plastics (CFRP) with 
high-pressure CO2 jet cutting were carried out. CFRP plates 
with a thickness of 0.7 mm to 1.6 mm were cut with a jet 
pressure ps = 3,000 bar, jet nozzle diameter DNozzle = 0.15, jet 
distance a = 2 mm and jet feed speed vf = 0.001 m/s. The 
cutting edges were smooth after machining and no material 
damages occurred. 
The tests allowed for several conclusions regarding the 
possibilities and limits for high-pressure CO2 jet cutting of 
CFRP. General advantages of jet cutting with liquid media 
like rapid prototyping, optimum utilization of material or use 
of permanently sharp tools are independent of the jet medium. 
During high-pressure CO2 jet cutting dust from the machined 
CFRP forms which needs to be sucked or collected but no 
post-processing in terms of cleaning and drying of the CFRP 
are necessary. In addition, due to the high purity of the 
available CO2 neither filtration is required, nor must the 
medium be treated or disposed after the process, since it 
sublimates completely. Furthermore the process can be 
decentralized, directly integrated in production lines, since no 
jet catcher for the reduction of the jet energy and for the 
receiving of the blasting media is required. 
4. Grinding 
As previously mentioned, some applications require higher 
workpiece qualities than can be obtained with milling or 
drilling processes and finishing processes can be implemented 
for this purpose. Using the aforementioned adaptive robot-
guided belt grinding process, milled CFRP was finish 
machined with superabrasive belts with average grit sizes of 
91 μm and 64 μm in a dry plunge cut grinding process with a 
constant grinding time tc of approx. one second, a constant 
cutting speed vc of 40 m/s and two different specific normal 
forces F‘n1 and F‘n2, see Figure 5. 
Fig. 5. Force controlled dry plunge cut grinding with superabrasive belts    
using an industrial robot as the workpiece guiding system 
 
The influence of the grinding direction on the machined 
edge was investigated in such a manner that for some 
specimens only down-grinding and for other specimens down- 
and up-grinding was applied. The results were compared 
concerning edge and surface quality, see Table 1. One result 
is that processing with down- and up-grinding leads to a 
significantly better edge quality compared to solely 
processing with down-grinding. 
Table 1. Influence of grinding directed on machined edges 
Work- 
piece
 
Grain size
[μm]
 
Specific normal force 
F
n 
[N/mm]
 
Surface roughness Sa 
[μm]
 
Grinding 
direction
1
 
91
 
2.5
 
2.2
 
Ļ
 
2
 
64
 
2.5
 
4.3
 
Ļ
 
3
 
64
 
1.25
 
3.6
 
ĻĹ
 
Another significant result is that higher workpiece qualities 
in terms of the surface roughness Sa were obtained using the 
superabrasive belt with the higher average grit size. Both 
superabrasive diamond belts were used beforehand for other 
grinding experiments ensuring a comparable initial state 
without extremely high grain protrusions. With the average 
grit size 91 μm a surface roughness Sa of 2.2 μm was 
attained, whereas with the average grit size of 64 μm a 
minimum surface roughness Sa of only 3.6 μm was observed. 
Abrasive belt:
DA930X D64 and D91
high-tensile polyester backing 
1350 mm x 20 mm
Process parameters:
Dry plunge cut grinding
Grinding time tc = 1 s
Cutting speed vc = 40 m/s
Normal force F‘n1 = 1,25 N/mm
F‘n2 = 2,5 N/mm
Width of cut bw = 20 mm
Diamond abrasive belt
Contact wheel
Workpieceholder
Milled CFRP workpiece
Kistler forcesensor
vc
Fn
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One possible explanation for this surprising result may be the 
higher medium grain protrusion for the average grit size 
91 μm leading to a sharper cutting process of the fibre 
projections comparable to the required sharp cutting edge 
geometry of milling tools. Comparing the two different 
specific cutting normal forces F‘n1 and F‘n2, the higher 
specific normal force of 2.5 N/mm lead to a higher material 
removal rate. Applying the specific normal force F‘n2 of 
2.5 N/mm, a cutting speed vc of 40 m/s and the lower average 
grit size 64 μm a specific material removal rate Q‘w of 
approx. 195 mm3/mms was achieved. However, further 
investigations are necessary, to determine limitations of robot 
guided belt grinding concerning shape accuracy, tool wear, 
thermal damage of the CFRP at higher material removal rates 
and reasonable process kinematics.   
5. Conclusions 
The following conclusions can be drawn from this work: 
- A significant improvement in the process reliability 
and productivity can be made by implementing innovative 
CFRP-designed CVD diamond coated cutting tools, 
- the deposition of diamond at lower temperature than 
currently industrially undertaken is possible and the use of 
SiC interlayers for the machining of CFRPs with diamond 
coated tools exhibits potential, 
- a quantitative system for the evaluation of CFRP 
machined edges is required and has been developed at the 
PTZ, 
-  by implementing a higher pressure in abrasive water 
jet cutting processes, higher feed rates and as such higher 
productivity whilst maintaining workpiece quality can be 
achieved,  
- the CO2 jet cutting and belt grinding processes for 
CFRP machining show potential for high productivity and 
high quality of machined edges respectively. 
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